Split GFPs have been widely applied for monitoring protein-protein interactions by expressing GFPs as two or more constituent parts linked to separate proteins that only fluoresce on complementing with one another. Although this complementation is typically irreversible, it has been shown previously that light accelerates dissociation of a noncovalently attached β-strand from a circularly permuted split GFP, allowing the interaction to be reversible. Reversible complementation is desirable, but photodissociation has too low of an efficiency (quantum yield <1%) to be useful as an optogenetic tool. Understanding the physical origins of this low efficiency can provide strategies to improve it. We elucidated the mechanism of strand photodissociation by measuring the dependence of its rate on light intensity and point mutations. The results show that strand photodissociation is a two-step process involving light-activated cis-trans isomerization of the chromophore followed by light-independent strand dissociation. The dependence of the rate on temperature was then used to establish a potential energy surface (PES) diagram along the photodissociation reaction coordinate. The resulting energetics-function model reveals the rate-limiting process to be the transition from the electronic excited-state to the ground-state PES accompanying cis-trans isomerization. Comparisons between split GFPs and other photosensory proteins, like photoactive yellow protein and rhodopsin, provide potential strategies for improving the photodissociation quantum yield.
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split GFP | potential energy surface | photodissociation | cis-trans isomerization | photosensory protein O ptical techniques for investigating biological processes in vivo can achieve subcellular spatial and millisecond temporal resolution by using genetically encoded light-responsive proteins (1) . Photoactivatable proteins are used as either imaging tools, such as reversibly photoswitchable fluorescent proteins (RSFPs), with fluorescence that can be modulated by light (2) or optogenetic switches that convert light input into physiological outputs, such as channelrhodopsins, which can regulate ion flow through membranes in response to light (3) . Split GFPs have been widely applied for imaging as fluorescent reporters of cellular processes, because they are small (∼25 kDa), are stable in cytosol, produce chromophores autocatalytically, and are amenable to mutation and circular permutation (4) . Typically, the protein is expressed as two or more constituent parts linked to separate proteins that only fluoresce on complementing with one another, offering readouts of protein-protein colocalizaton with low background and high specificity (5) . However, this technique can generate misleading results, because the GFP complexes, after being formed and fluorescing, are bound irreversibly, which can be highly perturbative to the processes being studied, especially if the protein interaction being probed is ordinarily reversible (6) . Although split GFP complexes essentially do not dissociate spontaneously after they are formed, we have discovered that dissociation into a peptide and a truncated protein can be induced by light irradiation in certain cases (7) . Photodissociation introduces the possibility of active control of protein-protein interactions with light. Because split GFPs transduce chromophore excitation to both photon emission and large structural changes, they can be both imaging reporters and optogenetic tools, allowing for additional applications in tracking and delivering small molecules or photocaging enzyme activities using genetically encoded optical switches without relying on exogenous factors (8) .
Split GFP photodissociation has not yet been extensively exploited, in part because of its low photodissociation quantum yield (<1%). In this study, we address the origins of low quantum yields by exploring the underlying mechanism and the photochemistry of photodissociation. Using both nonphotoswitchable and photoswitchable circular permutants to examine the dissociation rate dependence on incident light power, we show that photodissociation occurs via light-activated cis-trans isomerization of the chromophore followed by strand dissociation, linking photodissociable split GFPs to RSFPs. This mechanism is supported by point mutations that selectively enhance or suppress the elementary steps. Building on this foundational understanding, the energy landscape was investigated by examining the temperature dependence of photoactivation, strand dissociation, and fluorescence, revealing a barrier on the electronic excited-state energy surface and a photochemical funnel at the transition from the excited to the ground electronic-state potential energy surfaces (PESs). Our results establish an energetics-function model that provides generalizable insights for tuning photoswitchable and photodissociable fluorescent proteins. In the following work, we present the primary results and analysis, whereas more lengthy derivations, results, and side discussions are provided in SI Appendix Significance Split GFPs have been used exclusively as imaging tools to study protein-protein interactions, but the irreversible nature of split GFP complementation can be highly perturbative. Dissociating the split GFP into constituent parts with light irradiation not only remedies this problem but also invites the opportunity for noninvasive optical control of biological processes. By elucidating an energetics-function model for split GFP strand photodissociation, we show that photodissociation is achieved by light-activated cis-trans isomerization of the chromophore, a mechanism pervasive among reversibly photoswitchable fluorescent proteins. This observation suggests that these proteins can be engineered to provide active control of in vivo processes as optogenetic tools in addition to their conventional roles as passive imaging reporters. so as not to interrupt the logical flow. In a number of cases, results are anticipated and then justified by subsequent experiments and analysis. The text is summarized in SI Appendix, section S4 for the convenience of the reader, and a comprehensive list of definitions of states and kinetic parameters involved in photodissociation is provided in SI Appendix, section S5.
Results and Discussion
The work described here focuses on the underlying mechanism of photodissociation of split GFP with either its strand 7 (s7) or s10 circularly permuted to the N terminus. These split GFPs, denoted as s7:loop:GFP and s10:loop:GFP, respectively (notation is in Fig. 1 caption) , can be prepared by enzymatically cleaving a sacrificial proteolytic loop introduced between the secondary structural element to be photodissociated and the rest of the protein (Fig. 1C) .
After photodissociation, the corresponding truncated protein can spontaneously reassociate with either the missing strand to form a GFP complex spectrally indistinguishable from the original protein (7) or a point-mutated synthetic strand to form a colorshifted complex that facilitates monitoring the photodissociation process via ultraviolet-visible spectroscopy (UV-vis). For example, replacing threonine 203 on s10 with tyrosine (T203Y) causes a bathochromic shift in the deprotonated chromophore (B state) absorbance, yielding YFPs (a shorthand used in this paper for proteins with the T203Y mutation) (4) (Fig. 1A and SI Appendix, Fig. S3 ), whereas replacing histidine 148 on s7 with aspartate (H148D) causes a bathochromic shift in protonated chromophore (A state) absorbance (10) (Fig. 1A and SI Appendix, Fig. S4 ). We can thus directly quantify the extent of strand exchange and obtain the overall photodissociation rate constant k off by performing light irradiation on the split GFP sample in the presence of excess synthetic peptide (s7 148D or s10 203Y ) ( Fig. 2A) . Isosbestic points from the spectral progression during laser irradiation (Fig. 2B) imply conversion from the original split protein to the new complex without accumulation of intermediates. Time evolution of the absorbance at any wavelength except the isosbestic points fits well with a singleexponential curve and returns the same rate constant.
Power Dependence: Photodissociation as a Two-Step Process.
Knowing that light accelerates the strand dissociation of split GFP, we examined the dependence of the dissociation rate on incident light power as the first step in elucidating the underlying mechanism. Both circularly permuted split GFPs show similar behaviors in overall photodissociation rate constants k off with varying incident light power: k off increases linearly at low power and approaches a light-independent asymptote at high power (Fig. 3A) . This behavior suggests a two-step process with one single-photon light-driven step (SI Appendix, sections S7 and S10) and one thermal step. The sequence of these steps cannot be determined from these data alone. Experiments discussed below will be used to show that the underlying photodissociation mechanism is a lightactivated step followed by a thermal step (vide infra). Accepting for now the kinetic scheme illustrated in Fig. 3B and applying the steady-state approximation to the hypothetical transient intermediate C′ (SI Appendix, section S8), the dependence of the overall photodissociation rate constant k off on the incident light power P 0 can be expressed as
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k off is characterized by the apparent photodissociation quantum yield φ app and the apparent thermal rate constant k app (full derivation is in SI Appendix, section S7); « C and « C′ are the extinction coefficients of the split GFP before and after light activation at the incident wavelength (488 nm in our case), respectively; V is the sample volume; and l is the path length. At low incident power (linear regime), when light activation is the rate-limiting step, φ app can be evaluated from the slope in the plot (Fig. 3A) . At high incident power (saturating regime), when thermal dissociation is ) and the chromophore environment, highlighting residues important to this study. Key structural elements are color-coded as follows: the central helix is green (shown for the native S65 chromophore), β-s7 is orange, β-s10 is blue, and β-s11 is red. Each residue is colored to match its corresponding strand/helix. (B) Split GFP topology shown for the s10:loop:GFP circular permutant. (C) Example preparation scheme using a previously established nomenclature (9) . Labels describe elements (demarcated by colons) of GFP progressing from the N terminus to the C terminus when read from left to right. Specific β-strands in the GFP β-barrel are denoted sX, where X is the number of the strand in question. the rate-limiting step, k off approaches the asymptotic rate constant k app . These apparent constants are convolved combinations of kinetic parameters from elementary steps. Because of the assumed fast equilibrium of the first step in the saturating regime, k app (Eq. 1b) is a product of the thermal dissociation rate constant k diss and the photostationary-state ratio between C and C′; φ app (Eq. 1c) is a product of the photoactivation quantum yield φ fwd and the ground-state branching ratio k diss =ðk th + k diss Þ, because C′ can either successfully dissociate into the truncated protein and free strand or thermally relax back to C. Datasets from both circular permutants can be fit well by Eq. 1a with different parameters (Fig. 3A) , implying that they share a common mechanism consistent with the kinetic scheme, despite differences in molecular details. Although the apparent thermal rate constant for s7:loop:GFP (5 × 10
) is similar to that for s10:loop:GFP (7 × 10
), its apparent photodissociation quantum yield is one order of magnitude less (0.01% vs. 0.2%) (SI Appendix, Table S5 ). The latter agrees with the value estimated previously with 405-nm irradiation of s10:loop:GFP (7), suggesting that the light-activated step is similar even if different protonation states of the chromophore are excited, likely because formation of the I state (also anionic like the B state but with the protonated chromophore environment) by efficient excited-state proton transfer occurs much earlier than photodissociation (11) . We use 488-nm irradiation in this study to avoid complications from irreversible E222 decarboxylation (12) , which occurs with prolonged irradiation at 405 nm (13) . In addition, 488-nm irradiation exclusively excites the B state of the chromophore, avoiding complications from excited-state proton transfer. Cis-trans isomerization of the GFP chromophore is a well-known structural rearrangement triggered by light irradiation and the basis of RSFPs (2), and we hypothesized that it could be the photoactivating step in the photodissociation process. Our circular permutants do not exhibit spectral changes on light irradiation, and therefore, we introduced the E222Q mutation into s10:loop:GFP. This mutation has been shown by Raman spectroscopy to facilitate photochromic cis-trans isomerization (SI Appendix, Fig. S9 ) (14, 15) , and we believe that this assignment is still applicable to s10:loop:GFP, because circular permutation at the GFP loop region minimally perturbs the local chromophore environment as evidenced by retention of excited-state proton transfer and Förster resonance energy transfer between the only tryptophan and the chromophore (16) . The extinction coefficients of the cis and trans species (SI Appendix, Fig. S11 ) were evaluated from photoswitching kinetics of E222Q mutants and used for spectral deconvolution and population determination (SI Appendix, sections S3 and S6 and Fig. S10 ) in the following experiments.
The model predicts that, if light activation corresponds to cis to trans isomerization, then the split protein with the chromophore in the trans state will dissociate in the dark. Photoswitching (1 × 10 −2 s −1 under 3 mW/mL) is much faster than photodissociation (6 × 10 −4 s −1 under the same conditions) (SI Appendix, Fig. S10 ), and therefore, brief light irradiation can be used to generate a photostationary mixture of cis and trans s10:loop:GFP E222Q in the presence of excess s10 203Y with only minimal s10 203Y · s10:loop:GFP E222Q ("YFP") formation during preparation. The absorption spectrum of a mixture prepared this way was observed to evolve over time without additional irradiation in the dark and exhibited a clear isosbestic point (Fig. 4A ). Spectral deconvolution (Fig. 4B ) reveals single-exponential growths of both cis GFP and trans YFP at the expense of trans GFP (Fig.  4C) , showing that strand dissociation is indeed a thermal step that occurs in the absence of light after photoisomerization of cis GFP (C) to trans GFP (now identified as C′). This result is also qualitatively consistent with the dependence of the photodissociation rate on viscosity (SI Appendix, section S13). Strand dissociation Table S5 . (B) Kinetic scheme for the photodissociation process; φ fwd and φ rev are the forward and reverse quantum yields, respectively, and k th and k diss are the thermal relaxation and dissociation rate constants, respectively.
competes with dark relaxation back to cis GFP with rate constants k th = 5.0 × 10 −4 s −1 and k diss = 6.4 × 10 −4 s −1 (Fig. 4C ). Although the former agrees with the thermal relaxation rate constant measured from s10:loop:GFP E222Q (SI Appendix, Table S4 ), the latter is much smaller than its E222 counterpart. We measured k th −1 of E222Q YFP to be roughly 3 d, and therefore, formation of cis YFP from trans YFP is not appreciable on the timescale of the experiment. This observation also reveals that photodissociation forms trans truncated protein, which immediately binds to the added s10 203Y peptide and creates trans YFP; this interpretation is confirmed by control experiments (SI Appendix, Fig. S13 ).
In addition to identifying the C′ intermediate in our scheme, this result suggests that our E222 Superfolder GFPs are photoswitchable but have much smaller populations of trans species at their photostationary states (based on the validity of the steadystate approximation for E222 mutants) (SI Appendix, section S8) than other RSFPs (2). Although formation of trans Superfolder GFP is barely detectable by irradiating the GFP and directly observing its absorbance, our approach (photodissociation and trapping the resulting truncated protein with excess peptides) enables tracking this rare population by accumulating newly formed complexes and characterizing the photoswitching rates, provided that the trans protein does dissociate in the dark. In this way, photodissociation is especially useful for probing photoswitching kinetics in GFPs.
When adopting the E222Q mutants to determine the sequence of elementary steps and to identify the C′ intermediate, we assumed that the E222Q mutants would photodissociate according to the same scheme (Fig. 3B) as the E222 counterparts. To confirm that the E222Q mutants do indeed follow this kinetic scheme, the photodissociation kinetics of s10:loop:GFP E222Q were analyzed under continuous laser illumination (Fig. 5) . Because a significant amount of trans species is present at the photostationary state, the steady-state approximation is no longer valid, and the kinetic scheme shown in Fig. 3B needs to be solved directly. This result anticipates two timescales for the E222Q dissociation kinetics (as opposed to one in the E222 case) (SI Appendix, section S9), which are supported by the rise and decay of the trans GFP population during the course of irradiation (Fig. 5B) . The rate constants k + and k − corresponding to the two timescales can be extracted by fitting the kinetic trace with double exponentials. The rate constants can be manipulated into linear functions of incident power:
Because k th and k diss have already been determined by dark relaxation/dissociation experiments, photoswitching quantum yields can be determined by plotting (Fig. 4C) . The photoactivation quantum yield φ fwd is estimated to be 0.5% (Fig. 5C ), which is also consistent with φ fwd determined independently from the photoswitching kinetics of s10:loop:GFP E222Q (0.6%) (SI Appendix, section S6 and Table  S4 ), suggesting that the kinetic scheme for photodissociation is indeed light-activated cis-trans isomerization followed by thermal dissociation.
The reduced rate constant κ:
can be used to generate the Michaelis-Menten-like relation (Eqs. 1a-1c) and the different power regimes from the two timescales (SI Appendix, Fig. S15 ). As a photoswitchable protein with an implied higher trans to cis population ratio than nonphotoswitchable proteins, s10:loop:GFP E222Q would be expected to be more readily photodissociable than its E222 counterpart, but this intuition is not correct. The strand photodissociation yield cannot be judged by a single "photoswitchability" parameter. Both φ app and k app are important, because photodissociation is indeed a two-step power-dependent process. For this E222Q mutant, increases in incident light intensity past 3 mW/mL (compare with ∼100 mW/mL for s10:loop:GFP E222 in Fig. 3A) do not correspond to significant increases in photodissociation rate, because the dissociation rate is limited by k diss (saturating regime in Fig. 3A and SI Appendix, Fig. S15 ). Although the E222Q mutant has a larger φ fwd than the E222 mutant (0.5% vs. 0.2%), the E222Q mutant has a much smaller k diss (6.4 × 10
), limiting its maximal photodissociation rate k′ app severely compared with that of the E222 mutant (Eqs. 1a and 3a). The observed result is that, although the E222Q mutants do photoswitch better than E222 mutants, their maximum strand photodissociation rate is much smaller. In addition, the slowness of k diss also strongly penalizes φ app (∼0.3%) via the ground-state branching ratio (Eqs. 1c and 3c), bringing it close to that of E222 (∼0.2%). Accordingly, the E222Q mutant shows that fast photoswitching only enhances photodissociation if the intrinsic dissociation rate constant of its trans species does not act as a bottleneck for photodissociation. This unexpected decrease in k diss caused by E222Q can possibly be explained by the mutant's increased ability to accommodate the trans chromophore as evidenced by its photoswitchability. The resulting β-barrel structure is thus more stable than the E222 counterpart, leading to a higher affinity and lower dissociation rate of the cut strand.
Impacts of Mutations on Photodissociation. After establishing a mechanism for strand photodissociation, we attempted to tune the rates of the elementary steps based on our understanding of their molecular nature.
To increase the thermal dissociation rate for s10:loop:GFP, we introduced K209Q on s10 (SI Appendix, Fig. S7A ), which is far from the chromophore and has no impact on absorption. This mutation was expected to break the hydrogen bond between the side chain of K209 and the carbonyl group of H217 on s11, thereby weakening the interaction of s10 with the rest of the protein. Indeed, the asymptotic photodissociation rate constant k app is enhanced more (2.2-vs. 1.5-fold) than φ app (equivalent to φ fwd because of the steady-state approximation) (Fig. 3A and SI Appendix, section S8 and Table S5 , measured values). Because K209Q does not change the spectral character of GFP and φ fwd is only slightly affected because of the minute structural rearrangement of the barrel on cis-trans isomerization (17), the enhancement in k app can be attributed to the perturbation in thermal strand dissociation.
In contrast, we can dramatically suppress both the light-activated and thermal steps in s10:loop:GFP circular permutants with the T203Y (YFP) mutation (Fig. 3A) . T203Y especially suppresses the light activation process, because the critical π-π stacking between the 203Y residue and the chromophore (18) prevents the chromophore from isomerizing easily (7). In addition, T203Y suppresses the thermal step, because the π-π stacking helps anchor cut s10 to the rest of the protein. This trend can be found in both E222 and E222Q YFP, with fluorescence quantum yields that are noticeably enhanced and photoswitching quantum yields that are largely reduced with the T203Y mutation (SI Appendix, Table S4 ) relative to their GFP counterparts.
Temperature Dependence: Ground-and Excited-State PESs. To probe the activation barriers and other features on the ground-and excited-state PESs along the reaction coordinate, we varied the temperature in both the linear and saturating regimes. Both k app and φ app of the different circular permutants follow the Arrhenius temperature dependence (Fig. 6 A and B, respectively) , suggesting that the corresponding processes are governed by thermal barriers. Because φ app is approximately φ fwd under the steady-state approximation (SI Appendix, section S8), we can examine the temperature dependence of the light-activated step independently from that of thermal strand dissociation.
Because strand dissociation is far slower than all excited-state deactivation processes, both C and C′ are expected to be on the ground-state PES. Consequently, the light-activated process should involve three steps: (i) Franck-Condon excitation from C to the excited-state PES, (ii) thermal evolution on the excitedstate PES, and (iii) return to the ground-state PES and, eventually, to C′. The electronic absorption spectra of both circular permutants are constant across the accessed temperature range (22°C to 42°C), meaning that the Franck-Condon transition cannot be temperature-dependent and that an energy barrier should be located on the excited-state PES before relaxation to the ground state (19, 20) and/or the ground-state PES before the formation of C′. In our minimal model, a barrier on the excitedstate PES is more plausible, because, in order to fluoresce, fluorescent molecules should have barriers to competing nonradiative processes that involve significant structural changes on the excited-state PES.
More decisively, the fluorescence and photoactivation quantum yields were found to have temperature dependences that are inversely correlated with one another ( Table 1 ), indicating that an excited-state energy barrier with an activation energy E a,fwd partitions the two processes. In other words, fluorescence emission and formation of C′ are competing processes (Fig. 6E) . Varying the temperature changes the fluorescence quantum yield much more than the photoactivation quantum yield, indicating that population branching (branching point 2 in Fig. 6E ) occurs during the relaxation to the ground-state PES, with only some of the molecules reaching C′ and the rest returning to C through unproductive internal conversion. For branching to occur, the local minimum of the excited-state PES along the reaction coordinate should be situated near the local maximum of the ground-state PES. This topology leads to a photochemical funnel that facilitates radiationless relaxation to the ground-state PES (21) . Various computational studies suggest that, for fluorescent proteins, this funnel is likely to be a conical intersection (22) (23) (24) (25) . No assumptions on the nature of the reaction coordinate have been made to acquire the features of the potential energy curves shown schematically in Fig. 6E .
Because thermal dissociation is the second step in the photodissociation mechanism, k app contains parameters from both the light-activated and thermal steps (Eq. 1b). The effective energy barrier extracted from Fig. 6A should, therefore, be interpreted as E a,diss + E a,fwd − E a,rev , where E a,diss is the actual thermal dissociation activation energy, and E a,rev is the activation energy associated with the reverse quantum yield φ rev from C′ back to C (defined in Fig. 3B ), which proceeds along another coordinate (not shown in Fig. 6E) . Measuring E a,rev separately is not straightforward, because C′ cannot be prepared in large quantities for E222 mutants, and therefore, E a,diss cannot be determined from these measurements.
Analysis of the PESs: Finding Bottlenecks. Our analysis indicates that strand photodissociation is a low quantum yield process in all of our mutants. Close examination of the processes along the reaction coordinate reveals why. After the FranckCondon excitation and vibrational relaxation, most of the excited population returns directly back to C via fluorescence or internal conversion. The remainder overcomes the barrier to isomerization in the excited state (branching point 1 in Fig.  6E ) and reaches the photochemical funnel. At the funnel (branching point 2 in Fig. 6E ), some molecules return back to C through ultrafast internal conversion, and some convert to C′. The population reaching C′ either thermally dissociates into the truncated protein and the split strand or returns to C in competing processes with rates governed by ground-state PES barrier heights (branching point 3 in Fig. 6E) .
The excited-state dynamics involve three rate constants: fluorescence k Fl , direct internal conversion k IC , and barrier crossing k BC (Fig. 6E) . The last one clearly follows the Arrhenius behavior with activation energy E a,fwd , whereas the first two are likely to be relatively temperature-independent (26, 27) (SI Appendix, section S11). We hypothesize that the branching ratio γ at the photochemical funnel is also temperature-independent or, at most, weakly temperature-dependent within the narrow temperature range that we accessed (28, 29) (SI Appendix, section S12). Consequently, we can write the temperature dependencies of the quantum yields for fluorescence φ Fl and photoactivation (forward photoswitching) φ fwd (30, 31) :
and φ fwd ðTÞ = γk BC,0 exp −
When φ fwd is small, barrier crossing is a rare process because of the high energy barrier, and therefore, the contribution of k BC is negligible in the denominator of φ fwd , justifying the observation that φ fwd obeys Arrhenius behavior (Fig. 6B) . However, more accurate values of E a,fwd can be obtained from an Arrhenius fit of φ fwd /φ Fl vs. temperature without making this approximation (Fig. 6C) . The resulting E a,fwd values are 14 ± 2 and 22 ± 2 kcal/mol for s10 and s7 circular permutants, respectively. These energy barriers experienced by the chromophore during isomerization are ]. D was fit with Eq. 5. (E) Potential energy curves for photodissociation highlighting relevant parameters. Branching points are shown as circled numbers and color-coded to match their associated processes. Branching point 1 represents the excited-state barrier partitioning fluorescence and isomerization. Branching point 2 represents the photochemical funnel, which divides aborted from successful isomerization. Branching point 3 represents branching of strand dissociation and thermal relaxation.
caused by the protein environment as shown by model GFP chromophores, which isomerize efficiently instead of fluorescing in fluid solutions unless frozen (32) (33) (34) (35) . This viewpoint is also supported by various computational studies (24, (36) (37) (38) (39) . The existence of these large excited-state energy barriers leads to strong fluorescence in GFPs in contrast to other proteins, such as rhodopsin (40) and photoactive yellow protein (PYP) (41) , that generically have similar PESs (Results and Discussion, A Unifying Scheme of Fluorescent and Photosensory Proteins) but are optimized for cis-trans isomerization instead of fluorescence.
Using E a,fwd , the branching ratio γ at the photochemical funnel can be evaluated with Eq. 5, which is a rearrangement of Eq. 4b:
γ values for s10 and s7 circular permutants are estimated to be 0.01 and 0.003, respectively (Fig. 6D) . Although most of the excited-state population converts back to C either with or without radiation (∼66% and ∼12%, respectively, for the s10 circular permutant at room temperature), a substantial fraction (∼22%) of the excited protein experiences partial cis-trans isomerization and reaches the photochemical funnel, branching point 2 (Fig.  6E) . However, most of it returns back to C, with only a small portion of the total population (∼0.22%) forming C′, which is the precursor to strand dissociation. In other words, for photodissociation to occur, the split protein needs to navigate three branching points upon excitation: barrier crossing, the photochemical funnel, and the ground-state branching (Fig. 6E) .
Despite the large excited-state energy barriers, the largest bottleneck to strand dissociation is at the photochemical funnel (branching point 2). According to the Landau-Zener equation (28, 29) , for a 1D PES, γ is roughly determined by both the geometry of the funnel (the slope of the PES near the funnel) and dynamics (the velocity of the excited-state population along the reaction coordinate approaching the funnel). Because a large excited-state energy barrier is present on the path toward the funnel, the effect of the dynamic factor is expected to be suppressed, and therefore, it is useful to focus more on the geometric effect of the funnel. If the photochemical funnel involved is a conical intersection, it should be relatively sloped rather than peaked to strongly bias toward aborted isomerization (42) (43) (44) . This topology is also very distinct from rhodopsin, the epitome of efficient cis-trans isomerization, in which the conical intersection is peaked, facilitating efficient isomerization for its role in vision (45, 46) .
A Unifying Scheme of Fluorescent and Photosensory Proteins. Because nature has optimized fluorescence and photoisomerization quantum yields in proteins, such as GFP and PYP, respectively, we think that we can learn how to tune these properties by examining and comparing the systems with one another. The potential energy curve scheme (Fig. 6E ) during light activation is ubiquitous among fluorescent proteins as suggested by transient absorption experiments (47, 48) and should apply broadly to photosensory proteins with chromophores that can readily isomerize on irradiation (23, 37, 44, 49) , such as rhodopsin (40, 46, 50, 51) and PYP (52) (53) (54) (55) . Our photodissociation study suggests that normal GFPs (such as Superfolder GFPs) that are not traditionally considered photoswitchable are actually capable of cis-trans isomerization in the same way as RSFPs. The perceived difference arises from the lack of a spectral change on isomerization and the low forward switching quantum yield of normal GFPs, which is limited by the excited-state energy barrier (as suggested by fluorescence quantum yields) and the branching ratio γ at the photochemical funnel. Dronpa and IrisFP, two well-characterized RSFPs, can be used to illustrate this point (56, 57) . Dronpa, IrisFP, and our GFP mutants all show inverse relations between fluorescence and switching quantum yields ( Table 2 ). The reverse switching processes also follow this inverse relation, with the off-states having much smaller fluorescence and much larger switching quantum yields than their on-state counterparts. RSFPs with trans chromophores are generally more flexible proteins than their cis counterparts as determined by NMR spectroscopy and computational studies (58, 59) , which leads to lower fluorescence from the excited state of the trans forms, suggesting lower excited energy barriers for the off-to-on than the on-to-off switching processes. This observation extends to a general trend that trans fluorescent proteins are less fluorescent and more photoswitchable than cis proteins (60) . Moreover, we speculate based on our observations that it is this flexibility of the trans state, especially from s7-s10, that also allows trans split proteins [or constituent parts linked with a long loop (61) ] to dissociate in the dark rather than the motion of cis-trans isomerization itself (i.e., cis-trans isomerization and strand dissociation are not concerted). Whether cis-trans isomerization is achieved by one-bond flip (62) or volume-conserving hula twist (36, 63) is not relevant, because the trans structure does not depend on the pathway of isomerization.
Although the natural inverse relation of φ fwd (or φ rev ) and φ Fl in RSFPs is roughly caused by being partitioned by excited-state energy barriers as suggested by our PES model (Fig. 6E) , the exact relation depends on the branching ratio γ at the photochemical funnel (Eqs. 4a and 4b) (60) . For these proteins, reverse photoswitching γ values are significantly larger than those of forward switching for our GFP constructs (Table 2) , which serve as bottlenecks to strand photodissociation. This observation suggests that it is possible to increase γ appreciably by mutating the residues on the barrel, which will enhance the overall photodissociation quantum yield (see below).
Because we are concerned with photoswitching, we look beyond RSFPs to other proteins that have been naturally optimized solely for photoswitching. In contrast to fluorescent proteins, PYP and rhodopsin have exceedingly low fluorescence quantum yields [2 × 10 −3 (64) and 1 × 10 −5 (51), respectively], while exhibiting excellent cis-trans isomerization efficiencies [quantum yields 35% (65) and 65% (66), respectively]. Early studies suggest their similarities (52, 67, 68) : they have steep Franck-Condon regions (i.e., strong vibronic coupling along the reaction coordinate) and either small or no excited-state barriers, allowing φ fwd , φ rev , φ Fl,on(cis) , φ Fl,off(trans) , γ fwd , and γ rev are forward switching quantum yield, reverse switching quantum yield, on-state (cis) fluorescence quantum yield, off-state (trans) fluorescence quantum yield, forward branching ratio, and reverse branching ratio at the photochemical funnel, respectively. N/A, not available.
the excited population to rush down to the conical intersection without much impediment, and their conical intersections are relatively more peaked than sloped to increase isomerization quantum yields while suppressing competing internal conversion (45, 46, 53, 69) . Although fluorescent proteins and photosensory proteins have drastically different fluorescence and isomerization quantum efficiencies from one another, they can all be described with the same type of PES topology, suggesting that we can learn from photosensory proteins to improve the photodissociation of split GFPs. This knowledge is transferrable, because isomerization efficiencies, in addition to being intrinsic properties of chromophores, are also influenced by protein environments.
The Role of the Protein Environment: Property Tuning and Optimization.
On excitation in solution, the GFP chromophore exhibits almost no fluorescence [quantum yield less than 10 −3 (34) ], the PYP chromophore shows no detectable photoisomerization (70) , and all-trans retinal protonated Schiff base converts into a mixture of 11-cis, 9-cis, and 13-cis with quantum yields of 14%, 2%, and 1%, respectively (51) . The protein environment, however, can suppress the unwanted major channels observed in solution (64) and enhance minor reactions, such as all-trans retinal isomerizing into 13-cis (and nothing else) with 64% yield (vs. 1%) in bacteriorhodopsin, by adjusting the potential energy landscape of the embedded chromophores. Protein matrices have major effects on redistributing the quantum yields, which indicates that it is possible to attain desired properties by adjusting the protein environment without changing the chromophore. Through a PES model (Fig. 6E) , we can directly link observed functions to energetic contributions from protein environments, allowing us to propose the following property-tuning strategies with a hierarchical structure: color (absorption and fluorescence), fluorescence quantum yield, isomerization quantum yield, and photodissociation.
Color tuning has been studied with fluorescent proteins (71), PYP (72) , and retinal proteins ("opsin shift") (73) , which all adjust the energy gaps between the excited and ground states. These energy gaps correlate well with electrostatic interactions experienced by the chromophores (74) (75) (76) . Fluorescence quantum yields can be increased by raising the excited-state barrier height either sterically (as with T203Y) (35) or electrostatically (77) to suppress undesired internal conversion or isomerization. Because charge transfer is dominant during the isomerization process (36, 55, 70, 78, 79) , barrier heights can, in principle, be adjusted systematically via electrostatics (80, 81) . Conversely, to enhance the isomerization efficiency instead of fluorescence, one needs to lower the excited-state energy barrier as well as tune the conical intersection toward more peaked topology. Similar to isomerization, the structure at the conical intersection has charge transfer character that could be stabilized via electrostatics, altering the shape of the conical intersection (24, 82) . However, because conical intersections can be higher-dimensional structures (e.g., seams), tuning them can also change their accessibility or channel the excited-state population into other unwanted degrees of freedom (49) . In addition, the photoisomerization quantum yield can be influenced by the phases and amplitudes of involved vibrational modes because of the coherent nature of the excitedstate dynamics, adding another layer of complexity (83, 84) . Finally, maximizing the photodissociation efficiency requires preserving the high isomerization quantum yield and increasing the thermal dissociation rate of the subsequent trans species (such as K209Q in our case), and to be useful, spontaneous dissociation of the split strand needs to be suppressed. Thus, improving the net photodissociation involves simultaneous optimization of these three topological structures on the potential energy landscape.
Using this energetics-function property-tuning approach requires careful consideration of two limitations. First, the mutant space is constricted (85) , and therefore, different photochemical properties might not be independently tunable (86) . This limitation was shown by the E222Q mutation, which was predicted to increase the photodissociation quantum yield. Although E222Q successfully enhances the cis-trans isomerization quantum yield of the s10 circular permutant, it sacrifices thermal dissociation of the trans protein, leaving the overall photodissociation quantum yield slightly better but the maximal rate severely restricted. Furthermore, the overall structure, folding efficiency, and chromophore maturation efficiency have to be preserved on mutations, complicating the protein design problem. Second, structure-energetics knowledge is necessary and can be obtained either from computational predictions using X-ray structures (44, 49) or by characterizing exhaustive mutations on important residues of model systems for specific photochemistry (64, 72) .
Concluding Remarks
We have unified normal and photoswitchable GFPs by elucidating the underlying mechanism of split fluorescent protein strand photodissociation. We initially observed a MichaelisMenten incident light power dependence on strand dissociation from split GFPs measured by strand replacement under pseudofirst-order conditions, suggesting that two steps are involved in photodissociation. The linear low-power light dependence indicates that one step must be one-photon light activation and that the other step must be strand dissociation. We found that light activation precedes thermal dissociation by observing the time evolution of E222Q mutants, which are known to exhibit photochromic cis-trans isomerization under light irradiation. We confirmed our notions of the process by using the T203Y and K209Q mutations to suppress and enhance, respectively, the two elementary steps. Measuring the temperature dependence of the photodissociation rate allowed us to deduce critical features of the potential energy curves for both excited and ground states, establishing an energetics-function relationship. This analysis suggests that the bottleneck is the branching of populations at the photochemical funnel, where successful cis-trans isomerization is much less favorable than aborted isomerization. This model was then used to support the possibility that GFPs and photoreceptors, such as PYP and rhodopsin, exist on two extremes of the same spectrum but exhibit different degrees of cis-trans isomerization and fluorescence.
A structure-function relationship is required to rationally improve photodissociation, but such a relationship can be very difficult to understand intuitively. Given the difficulty of linking structures and functions directly, we took a step back and proposed breaking this problem into two more manageable parts: a structure-energetics relationship and an energetics-function model. The former can be guided by computational studies based on crystallographic structures. In addressing the latter, we found it useful to unify some aspects of different proteins using our PES model to seek energetics insights for tuning photoswitchable and photodissociable fluorescent proteins as genetically encoded tools for monitoring and manipulating protein interactions or functions in cells. Clearly, significant improvements in quantum efficiency can most likely be made by starting with weakly fluorescent photoswitchable fluorescent proteins and performing directed evolution, which is a satisfying solution from an engineering perspective. However, this strategy hardly increases our fundamental understanding of protein function engineering, and therefore, we advocate for our more systematic approach, which can hopefully reduce the complexity of rationally engineering protein function and provide insights for future protein design research.
